A comparison of the field emission properties of exposed nanotubes lying on a tipped carbon nanorope, with the emission properties from a sharpened iron tip of similar dimensions is performed. By varying the electrode separation it is observed that the threshold field for emission for both structures decreases as the electrode separation initially increases, however for sufficiently large non-planar electrode separations the threshold field is observed to reach an asymptotic value.
Since the first report of carbon nanotubes (CNTs) [1] there has been a wide interest in their use as electron sources in vacuum microelectronics and nanoelectronics. [2] This has been brought about by considerable research in the field of carbon based cold cathodes [3, 4] and in general coupled with the ability to adjust the geometric field enhancement factor by tailoring the physical dimensions (height and radius) of the nanotubes. There are now numerous reports of electron field emission from a range of CNTs consisting of isolated single tubes [5] , well ordered arrays of tubes [6] , random mats [7] and lately from CNTs embedded in polymer composites. [8] Indeed the high aspect ratio that is found with CNTs is also found in a wide range of nanotip cold emitter materials such as Si nanowires [9] , W nanowires [10] , Cu 2 S nanowires [11] and nanobelts of MoO 3 [12] making these non-planar materials a creditable electron source. There have also been significant technological developments since the first report of carbon nanomaterials grown at low temperature. [13] To date both field emission from room temperature grown nanofibers [14] as well as CNT growth on plastic [15] have been reported.
Despite the different material systems involved, each of these studies possesses at least one fact in common. The emitter material is geometrically not a flat cathode but has features possessing high aspect ratios. Field emission measurements that are made often attempt to quantify the behaviour in terms of the applied electric field and the local electric field experimentally at the nanotip, via the field enhancement factor, β. Since the local electric field required for emission will not possess a dependence on the electrode separation, D, one would expect that measurements of the applied threshold field would also not possess a dependence on the relative separation of the electrodes, and that the applied electric field would be given simply as V/D, where V is the applied potential difference. In this letter we show that this is not the case for CNTs found on a carbon nanorope (CNR). Furthermore, this behaviour is shown not to be unique to nanotubes or nanoropes but also to any non-planer emitter. Therefore, the implications are significant to most or all emitter structures used by scientists and technologists. Computer simulations further confirm the experimental observation. Our results show that the definition of the field enhancement factor must be modified in this situation and that this revised definition is applicable to a wide range of nonplanar cathodes.
A carbon deposit was prepared on a graphite cathode electrode in an arc discharge system in a helium atmosphere at a pressure of 500 Torr. This deposit contained multi-walled carbon nanotubes (MWCNTs) which self-assembled into bundles or ropes of micron dimensions when post-treated by grinding and subjected to ultra-sonic treatment. In a Cambridge Stereoscan 250 III scanning electron microscope (SEM), the CNR had the appearance (not shown here) of high aspect separation. In order to remove any possible effects due to the conditioning of cathodes with time [16] , the testing at different anode-sample separations was not conducted in a sequential increasing or decreasing mode; but in a random sequence. As the I-V measurements were performed in an SEM, accurate measurements of the anode-sample separation could be made. The SEM electron beam and collector voltage were switched off when the FE testing was performed to eliminate any influence on the measurements. While the end of the iron tip was initially jagged relative to the CNR, the initial FE measurement resulted in it becoming smooth (on the nano scale) and geometrically similar (on the micron scale) to the CNR. This change in morphology is attributed to ohmic heating at the tip and melting the iron due to high current densities in the sharp asperities present initially on the end of the tip. No other changes in the morphology of either sample were observed after subsequent FE testing. Values of threshold electric field, Figure. 1(b), were extracted from typical I-V curves. In this case, the applied electric field, E applied , is defined as the applied voltage divided by the separation, D, between the end of the anode and cathode tips. Typical E T -D curves are shown in Figure. 1(b). The data in Figure. 1(b) clearly shows that the CNR has a lower value of E T relative to the iron tip, over the range of electrode gaps tested. Figure. 1(b) also shows that, for both samples, E T drops with increasing electrode gap, with the rate of decrease reducing with increasing electrode gap.
Since local threshold field, E T local , can be expressed as E T applied /β, and the reduction of Figure. 2(a) . The decreasing trend of threshold field is the same to that of experimental work.
We further proceeded to simulate an isolated nanotube and vary anode to CNT separation, recording threshold field to see if the effects experienced on isolated tubes are similar to randomly arranged ones. Metallic nanotubes, which allows us to ignore the effects of field penetration, of heights 2, 4 and 6 µm with constant 200 nm radius were simulated with anode to cathode separation increased until an emission current was no longer observed from the single nanotube.
The value of E T was seen to decrease as the anode electrode was moved away from the tip of the tube, decreasing to a saturated value, as shown in Fig. 2(b) , which is similar to the trend seen experimentally for the protruding nanotubes of the CNR and etched iron probe, and for simulated CNR and iron probe. Our results clearly point to a need for an understanding of the variation of β with D. Figure. The results of the experiments, supported by these simulations demand that for a nonplanar emitter and alternative definition of field enhancement factor must be considered. Both expressions for β 1 and β 2 can be expressed as
where 0<α<1 encapsulates all possible configurations. The simulation results tie in with the increased threshold field seen in both experimental and simulated results. The increase in threshold field and decrease in β has also been shown experimentally elsewhere [19] . Note that for planar cathodes and planar anodes we recover the usual definition of β.
In conclusion, we have shown that for tip based field emitters the location of the anode plane significantly affects the field emission capabilities of the emitter, with an increase in threshold field as the anode electrode approaches the tip of the emitter. Furthermore, the geometric field enhancement factor for the emitter is greatly reduced when the anode to tip separation is decreased. 
